Abstract-In this paper, we employ the non-orthogonal multiple access (NOMA) technique to convey joint broadcast and multicast streams to a set of users. Thanks to the spatial beamforming, different groups of users is able to receive different streams in addition to the common broadcast information. With the proposed scheme, the same time-frequency resources can be shared between different streams, without requiring additional bandwidth. The transmitter implementation is presented and two receiver classes are considered based on Successive Interference Cancellation (SIC) and Joint Decoding (JD) approaches. In addition to the performance assessment via simulation, a real hardware proof of concept implementation of the proposed technique is performed in order to show the practical viability of the proposed scheme.
I. INTRODUCTION
Considering the emerging trend in user behavior and demands for multimedia services, 5G networks are predicted to support many more users per cell than current deployment. Reliable integration of broadcast and multicast services with the mobile broadband wireless networks can offer significant benefits to different services like: multimedia content delivery, file distribution, software updates, emergency messages and public warning, etc. Current limitations of long term evolution (LTE) evolved multimedia broadcast multicast service (eMBMS), in having low Doppler speed tolerance and in limiting cyclic prefix supported length, add more challenges in supporting the users' mobility and in increasing the service coverage. Additionally, eMBMS services do not fully exploit the spatial dimension.
Non-orthogonal transmission approaches are being considered as a promising solution to multiplex different services under common physical layer resources, increasing network throughput and efficiency [1] , [2] . In particular, nonorthogonal multiple access (NOMA) is a promising multipleaccess scheme that exploits the differences in user channel quality (SNR) along with suitable power allocation and successive interference cancellation (SIC) at the receiver in order to improve the system throughput [3] . In fact, NOMA applies the well-known superposition coding solution from information theory, which achieves the broadcast channel capacity for single antenna systems. However, the capacity and the capacity achieving transmission technique for the MIMO broadcast channel are in general unknown. When the channel is fixed it is known that dirty paper coding [4] achieves capacity. However, even in this particular case the technique is far from being implemented in practice.
Multicast beamforming with superposition coding (SC) with two-stage beamforming is applied to NOMA system to support multiple users in [5] , [6] . The same scheme is used to perform multiresolution broadcasting where both high and low priority data are transmitted in the network. Layered division multiplexing (LDM) which is a form of NOMA is proposed in [7] to simultaneously using the same resource block for multiple unicast or for broadcast transmission assuming a single frequency network (SFN). The application of NOMA to multi-user network with mixed multicasting and unicasting traffic is considered in [8] . The beamforming and power allocation are designed in order to ensure an improvement in the unicasting performance while maintain the reception reliability of multicasting.
In this paper, we develop a novel system that is able to deliver multiple multimedia streams sharing the same frequency-time resources by enabling non-orthogonal transmissions. Moreover, thanks to spatial beamforming, we are able to sectorize such information dynamically, allowing the coexistence of different multicast and broadcast streams devoted to different group of users. Finally, we also provide a demonstration of its viability by a Proof of Concept (PoC), where the proposed techniques are implemented in real devices by means of Software Defined Radio (SDR).
The rest of this paper is organized as follows: the system model is described in the section II, where the transmitter scheme is analyzed; two different strategies of reception based on SIC and Joint Decoding (JD) are introduced in section III and IV, respectively. Finally, the PoC is described in section V.
II. SYSTEM MODEL Given a MIMO system with N t and N r antennas at transmission and reception, we aim at conveying one broadcast stream intended to all users in the system and N t multicast streams to dedicated users or to a dedicated cluster of users. Each multicast stream is conveyed using an orthonormal beam and all are superposed with the broadcast stream by adjusting the power level by the parameter α. With this scheme, N t orthogonal beams can be constructed and therefore 2N t independent streams can be conveyed. However, we also want to preserve the broadcast stream. This means that at least, one stream shall be the same for all orthogonal beams. Hence, there are N t + 1 available streams.
The superposed signal, which contains the contribution of the particular multicast stream in addition to the broadcast stream, is denoted as
where t k is the encoded block, i.e., t k = G (u k ) using the encoding function G(·), t BC = G (u BC ) is the encoded broadcast codeword, u k and u BC are the multicast and broadcast payloads, and α is the balancing parameter between the multicast and broadcast streams. Note that each symbol in u k [n] and x BC [n] is conveyed at nth time index. It is worth to mention that each encoded block can be encoded using different coding rates.
The beamforming matrix B ∈ C Nt×Nt contains the beamformers in each column. The channel matrix H ∈ C Nr×Nt is assumed as a random variable, with arbitrary statistic. For the particular mth user, the received signal at the nth discrete time instant is
where y m [n] ∈ C Nr is the received signal by the mth user, H m ∈ C Nr×Nt is the channel between the transmitter and user,
T is the transmitted vector, and w m ∈ C Nr is the Additive White Gaussian Noise (AWGN).
From now on, we assume that the user m belongs to the kth multicast group.
III. BROADCAST AND MULTICAST SIC DECODING
The system model can be envisaged as the contribution of desired signals (the broadcast and intended multicast stream), the interference of other multicast streams and the noise. Thus, expanding (2), we can group the different contributions as
where 1 is all-ones vector,
To estimate the symbols t k [n] and t BC [n], the Minimum Mean Square Error (MMSE) estimator is employed with SIC. The generalized MMSE expression can be summarized as Definition 1 (MMSE): Given a linear process such that y = Ax + z, where A is a deterministic and known matrix, x is an unknown zero mean vector and z is a zero mean uncorrelated random vector, the MMSE estimation of x is defined asx = Wy where
Depending on the knowledge of the precoding matrix at receiver, i.e., whether the user knows the full B or knows b k , different mathematical formulation can be expressed as in the sequel subsections.
A. Users with full form knowledge of B
In this case, users only know the full form of matrix B. It corresponds to the scenario where the beamforming matrix is static and offline-known by all the users or it is signaled to users in a semi-static basis. For the sake of clarity, we omit the n index. Based on MMSE definition, the parameters as follows
where
T contains the N t multicast symbols and I E{·} is the expectation operator. To estimate the broadcast symbol, we consider multicast symbols as interference. Thus, the expression of the MMSE filter for the broadcast symbol has the following expression
Accordingly, the broadcast symbol can be estimated aŝ
To estimate the multicast symbol, first we apply the SIC principle where the estimated broadcast symbol is subtracted from the received signal. Hence,
At this stage,y m only contains the multicast symbol plus the interference of other multicast symbols and noise. Hence, the MMSE definitions can be described as
and the MMSE filter for the multicast symbol is expressed as
Finally, the multicast symbol can be estimated aŝ
Oncet BC andt k are estimated, both are stacked to compose t BC and t k vectors, respectively. Thus, kth multicast payload and the broadcast one are decoded aŝ
where G −1 is the inverse procedure of channel coding.
The proposed scheme accepts two refinements depending on 1) the feedback error correction motivated by the error correction property of the channel coding, and 2) using a pre-equalization stage to increase the compatibility of existing schemes.
1) With Feedback Error Correction:
One of the advantages of using coded symbols is the fact that the channel coding can correct errors. To exploit this advantage, the receiver can stack first the estimated broadcast symbols, decode and reencode them and finally subtract from the received signal. In this case, (7) is replaced by
wheret BC = G (û BC ) is the re-encoded broadcast codeword.
Finally, broadcast and multicast symbols are estimated by using (6) and (10), where y m is replaced byy m given in (12). Although this scheme exploits the correction properties of channel coding, it increases the latency, since the receiver cannot perform parallel decoding of the multicast and broadcast symbols.
2) With Pre-Equalization:
A possible approach is preequalizing the channel matrix by an MMSE filter or other standard equalizers of the channel matrix. That is equivalent to: 1) equalize the channel matrix, and 2) equalize precoding matrix and superposed codewords. The pre-equalized received signal with a MMSE filter is denoted as
To compute the multicast and broadcast symbols, we use (6) and (10) after replacing y m byȳ m given in (13). Note that pre-equalization is compatible with Feedback Error Correction. Thus, (7) and (12) can also be used after replacing y m byȳ m given in (13).
At this stage, we assume that the channel contribution in (13) is compensated and therefore, the MMSE broadcast and multicast filters can be computed by suppressing the channel contribution in (5) and (9). Thus,
On one side, although this scheme simplifies the expressions, it propagates the errors produced by the pre-equalization and colourizes the noise autocorrelation matrix. On the other side, it increases the compatibility with the previous deployments, since the receiver can be upgraded without modifying the existing signal processing blocks.
B. Users with beam weight knowledge
This is the case where the users only know their beam weights. Users estimate beam weights based on pilots and are not able to estimate the adjacent beam weights since they are almost orthogonal to their channel. This corresponds to the scenario where the transmitter optimizes the precoding matrix dynamically while the users have to estimate their respective beam weights.
Since B is partially known (indeed, only b k is known), it means thatB k is also unknown and the expressions have to be rewritten based on this constraint. Accordingly, we assume that the channel matches with the intended beam and not matches with the rest of the beams. In other words, we assume that
This assumption approximates (3) by taking only the contributions of b k into account. Hence,
(17) This is valid in the case where the channel matches with the beam k and is orthogonal with the rest. Hence, the broadcast filter definitions become
Thus, the broadcast MMSE filter is expressed as
The subtracted received signal is obtained by reconstructing by with the transmitted signal. Hence,
Finally, the multicast MMSE filter is expressed as
Pre-equalization can also be applied in this case, where (19) and (21) are reduced to
In summary, there are several possibilities and combinations depending on the knowledge of the beamforming matrix, on the feedback error correction and the pre-equalization. In detail:
• Users know B fully or partially:
• Pros: the accuracy produces better results.
• Cons: increase the complexity and requires signalling of B.
• Feedback correction is applied or not:
• Pros: reconstructed signals are more precise since some errors are corrected.
• Cons: increase the delay since the multicast signal has to be decoded initially.
• Pre-equalization is applied or not:
• Pros: increase the accuracy and simplify the expressions. It can be used with legacy channel estimators and equalizers.
• Cons: propagates channel estimation errors.
IV. JOINT DECODING
In the previous schemes, the SIC principle is applied where the broadcast symbol is decoded first, reconstructed, subtracted from the received signal and then, the multicast symbol is estimated. SIC involves the error forwarding drawback, which means that if the broadcast symbol is not decoded successfully, the multicast symbol will not. Fortunately, (2) can be rewritten with a joint matrix notation as
With this notation, the receiver only applies one MMSE filter at once. Thus, the joint MMSE filter definitions are
and thus, the joint MMSE filter is expressed as
Therefore, the joint payloadẗ k is estimated bÿ
Finally, in the case where pre-equalization is performed, (25) is reduced to
V. RESULTS
In this section we describe the results obtained with joint broadcast and multicast transmissions. We simulate a scenario with a single base station and several user equipment placed at different positions within the cell. Modulation and Coding Schemes (MCS) and framing is the same as used in LTE. The simulation parameters are summarized in Table I . We analyze the coverage using SIC and JD approaches. To evaluate the performance of the proposed schemes, we employ the coverage and joint coverage metrics. The coverage metric is defined as
where k corresponds to the index of the stream, N ′ (k) are the number of users in outage (PER > 0.01), and N (k) is the total number of users served by stream k. The joint coverage metric combines the coverage of multicast stream k and the broadcast stream, ensuring that both achieve at least the same coverage individually. For example, a joint coverage of 98% ensures that the multicast and broadcast streams are received with a coverage of 98% each.
In the considered scenario, the users are placed randomly in a cell with different distances. The path loss is different for each user and also its Signal to Noise Ratio (SNR). Fig. 1 illustrates the users across the cell and the beam pattern used to convey the multicast streams jointly with the broadcast stream. Note that each group k conveys the kth multicast stream and the broadcast stream. Fig. 2a and Fig. 2b depict the PDF and CDF of the SNR distribution in this scenario, respectively. From the SNR distribution, we can appreciate that the average SNR value is 10 dB, with a maximum value of 30 dB and a minimum value of 4 dB.
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A. First Approach: SIC Receiver
The transmitter implements the SIC principle, with feedback error correction -symbols are decoded, re-encoded and subtracted-, ledge of B, and pre-equalization of the channel matrix. Fig. 3 illustrates the joint coverage metric (in %) of each group as a function of MCS and α. It is clear that the maximum joint coverage is achieved for low MCS and for an α in the vicinity of 0.5.
B. Second Approach: Joint Decoding Receiver
This receiver implements the JD strategy, with also preequalization stage. Fig. 4 depicts the joint coverage metric of each group as a function of MCS and α. As in the previous scheme, the maximum joint coverage is achieved for low MCS and for an α in the vicinity of 0.5. However, the coverage is reduced when it is compared with SIC scheme. 
VI. IMPLEMENTATION AND PROOF OF CONCEPT
In this section we describe the implementation of the Proof of Concept (PoC) of Joint Broadcast and Multicast Communications. Particularly, we demonstrate the viability of the JD receiver. For this PoC we use 3 Universal Serial Radio Peripherals (USRP) connected to a General Purpose Processing Unit (GPPU). USRP process the digital samples generated by the GPPU according the framework that we describe in the previous sections, convert the digital signal to/from analog domain and up(down)convert the analog signal to/from the RF band.
In this PoC one USRP is configured as eNB and other two USRP as UEs. All USRP are connected to the GPPU via 1 Gigabit Ethernet. All USRP are configured with the same parameters. The cell search stage is performed by using a single carrier frequency, off-line configured. Although the carrier frequency is pre-configured in this setup, UEs shall to synchronize at subframe level. It implies that UEs have to use the synchronization signals provided by LTE standard to determine the Time Advance (TA). Once this synchronization is stablished, UEs have to search the Master Information Block, which carries information about the bandwidth and the number of antennas at eNB. All configuration parameters are estimated by the UEs, except the carrier frequency and the sampling rate. Table II describes the main configuration parameters used for the demo. Constellations reveal which is the impact of superposing streams. Although all streams are conveyed using a QPSK constellation, the superposing introduces cross interferences between the streams and the constellation contains more points compared with the single case. Hence, the receiver has to cancel this interference and recover both streams. It is shown that the scheme is applicable and the demo performance is satisfactory. 
VII. CONCLUSIONS
In this paper, we considered the joint broadcast and multicast streaming by allowing non-orthogonal and superposed transmissions. We first introduce the transmission scheme, which thanks to beamforming it is possible to transmit different multicast streams separated by spatial regions in addition to a common superposed broadcast stream, which is received by all users. Different receiving strategies are also tackled. In particular, SIC receiver is employed to reduce the interbeam interference. A novel Joint Decoder scheme is introduced, which decodes the intended symbols without recursion. Finally, we built a Proof of Concept of the proposed technique, demonstrating its viability. We remark that thanks to the proposed technique, different multimedia services can be delivered without requiring additional bandwidth nor multiplexing in time slots. Sharing the same frequency-resources and allowing different Quality of Service (QoS) enhances the flexibility and efficiency of the system compared with traditional deployments such as LTE.
